The positive inotropic action of glucagon on the cat heart is dependent upon the extracellular Ca concentratiod. The inotropic effect is proportionately greater, the lower the concentration of Ca in the perfusate (above zero, at which glucagon is without significant effect). Nevertheless, Ca influx (as measured with "Ca) into the myocardium is not demonstrably influenced by glucagon, except at 0.09 mM Ca, where the interpretation of the effect is complicated by the fact that there is mechanical asystole at that Ca concentration in the absence of glucagon, while excitation-contraction coupling still occurs when the hormone is added. The possibility is suggested that glucagon may influence intracellular movement of Ca, even when its transmembrane movement is affected only slightly.
It has been shown that glucagoji has the capacity to increase tension and work production by heart muscle. The mechanism of the positive inotropic action has not been clarified. Beta-blocking agents do not abolish the action (1) (2) (3) (4) . It has also been reported that the glucagon effect is unaltered by catecholamine depletion due to treatment with reserpine (2) .
A possible link with Ca stores is suggested by studies (5) that showed that glucagon caused an increase in Ca stores in microsomal preparations from canine myocardium.
The present study was undertaken to ascertain the effects of altered extracellular Ca concentration upon the positive inotropic effect of glucagon, and to measure possible changes in the rate of Ca influx into heart-muscle cells under the influence of glucagon.
METHODS
Male cats weighing about 3-4 kg were anesthetized with sodium pentobarbital. Artificial respiration with oxygen was applied via an intratracheal cannula. Heparin was injected via the jugular vein. After thoracotomy, the aorta was immediately cannulated for coronary perfusion. The heart was removed from the chest during continuous perfusion with oxygenated, modified Kreb's solution at 37°C, and the mitral valve was quickly incised to prevent distension of the heart. by fluid accumulation. The perfusate from the heart was discarded until it was free from blood. Thereafter, a closedcircuit Langendorff perfusion, as modified by use of a Sigmamotor pump, was performed. The perfusate contained 116 mM NaCl, 5 mM KCl, 25.4 mM NaHCO, 1.24 mM NaHr P04 H20, 1.8 mM CaCI2, and 5.56 mM glucose, and was aerated with 95% 02-5% Co2. Flow rate was 18 ml/min. After 30 min of perfusion, the hearts were perfused with experimental solutions containing various amounts of calcium, with and without glucagon. Reservoirs in the water bath were connected to the perfusion line by three-way stopcocks, so that 463 the desired solutions at identical temperature could be introduced into the perfusion system at any time. Isometrictension development and electrograms were recorded as described (6) . The effects of glucagon upon tension production were observed at various concentrations of Ca in the perfusate. When a constant heart rate was required during the Ca-influx study, artificial stimulation, 100 pulses per min, was applied through fine electrodes from a Grass stimulator. The Bundle of His was cut to allow pacing of the ventricles. 4"Ca was used as a tracer for Ca influx. The point of zero time for influx took into account the time required for the "Ca perfusate to reach the coronary vessels at the flow rates used. At this time, an open circuit was adopted and the effluent was collected for analysis. After 10 min, the perfusion was instantaneously shifted to a solution of identical composition except for the calcium isotope for 30 sec, in order to reduce the high concentration of "Ca in the vascular space. The extracellular space was determined as sucrose space. At the end of the experiment, the heart was immediately fixed in liquid nitrogen. After the external fat, the auricles, the epicardium, and ice crystals, if any, in the chambers were removed, the ventricles were powdered in liquid nitrogen with a mortar in a cold room. Samples of the homogenized powder, weighed by a torsion balance, were used for sucrose determination and were ashed for "Ca counting; a Packard liquid scintillation counter was used. The specific activity of the perfusate was measured and used as a base for flux calculations. The radioactivity in the extracellular space was assumed to be in equilibrium with the radioactivity of the perfusate. The net labeled Ca-influx was calculated after subtraction of the counts from the sucrose space and is presented as umol of Ca per gram of dry ventricular tissue.
RESULTS

Effects of glucagon on tension production of cat hearts perfused at various Ca' + concentrations
When isolated cat hearts were perfused with Kreb's solution with glucagon (40 sg/100 ml), both the rate and the force of contraction were elevated. However, the increase in tension production of the hearts was more marked than the increase in rate. Results from two groups of six cats each showed a 10-15% increase in rate and a 30-70%0 increase in tension production. Four groups of hearts (5 each) were perfused to test the effect of glucagon on myocardial performance in relation to the external calcium concentration. The calcium concentrations in Kreb's solution, with and without glucagon, were 1.8, 0.45, 0.09, and 0.00 mM. No artificial stimulation was ap plied, so that both the developed tension and the electrogram Physiology: Visscher and Lee could be recorded simultaneously. The records from one of each group are shown in Fig. 1 . As shown in Fig. 1 A, in the presence of glucagon in the perfusate there was about a 30%/ increase in the developed tension and a 10%/ increase in rate with 1.8 mM Ca. When the Ca concentration was reduced to 0.45 mM, the tension production decreased to about 25% of that observed at the higher Ca concentration. When glucagon was added to the perfusate, the increase of tension developed was 3to 4-fold. The tension developed nearly reached the extent previously obtained during perfusion of the same heart with 1.8 mM Ca (Fig. 1 B) . Glucagon also maintained the tension development by the heart perfused with 0.09 mM Ca, which was the concentration found to uncouple the electrical and mechanical events in the absence of glucagon. However, the tension developed was only 20%0/ of that obtained during perfusion with 1.8 mM Ca (Fig. 1 C) . When the hearts were perfused with Kreb's solution containing no Ca, mechanical contraction was abolished, although electrical activity remained. As shown in Fig. 1 D, after 4 mn of perfusion with no Ca, mechanical arrest had occurred. Addition of glucagon to a zero-Ca perfusate did not restore a mechanical response. The inotropic effect of glucagon is reversed within 3-5 min of perfusion with glucagon-free solution, as may be noted in Fig. 1 A.
Glucagon and net Ca-influx
Six groups of cat hearts were perfused with Kreb's solution containing tracer "CaCl2 for 10 min at three concentrations of Ca (1.8, 0.45, and 0.09 mM) in the presence and absence of glucagon. These experiments were performed under artificial stimulation. The net Ca influx in the 1O-min perfusion was measured as Mmol of Ca per gram of dry ventricular muscle.
As noted under Methods, the labeled Ca in the extracellular space was subtracted. The results are listed in Table 1 . The averages of net Ca-influx are 3.42, 0.85, and 0.29 for the control and 3.48, 0.90, and 0.56 smol per gram of dry ventricular muscle for the glucagon experimental groups perfused with solutions containing 1.8, 0.45, and 0.09 mM Ca, respectively. There was no significant difference in net Ca-influx between the control and the experimental groups perfused with solutions containing 1.8 mM Ca. At 0.45 mM Ca concentration, net Ca-influx in the group perfused with glucagon was slightly higher than the control group. At this extracellular Ca concentration, the individual variation in Ca influx was greater, but the difference between the means of the control and experimental groups is not statistically significant. At a Ca concentration of 0.09 mM, net Ca-influx in the group perfused with glucagon is significantly higher than in the control group. However, as mentioned above, at a Ca concentration of 0.09 mM, in the absence of glucagon, mechanical contraction did not occur. We found (unpublished data) that the rate of Ca-fluxes in the beating heart is generally higher than in nonbeating hearts; consequently, the results must be interpreted cautiously.
Effect of glucagon on tension production and net Cainflux in relation to extracellular Ca'+ The inotropic action of glucagon was measured as the percentage increase in the tension set-up in contraction. The values at 1.8 mM Ca in the absence of glucagon were taken as 100%o. As shown in Fig. 2 , when developed tension is plotted against the extracellular Ca concentration in the absence of glucagon, the tension developed is virtually linear with respect to the Ca concentration over the range tested. The straight line intersected the abscissa at zero developed-tension and a Ca concentration of 0.09 mM. In the presence of glucagon, there was no such linear relation between tension production and extracellular Ca concentration. The largest fractional increase in tension production was at a Ca concentration of 0.45 mM. When the extracellular Ca concentration was further reduced to 0.18 and 0.09 mM, the developed tension was markedly decreased. When the net Ca-influx of the hearts perfused with and without glucagon is plotted against the extracellular Ca concentration, and compared with the change of contractile force, the curve representing Ca influx presents a very different slope from that of the corresponding curve for tension production. It is particularly to be noted that in the presence of glucagon, the contractile force was markedly increased at a concentration 0.45 mM Ca, while the net Cainflux was not significantly different from that of the control.
DISCUSSION
The fact that the positive inotropic effect of glucagon on the cat heart is proportionately greater at low concentrations of Ca in the perfusate led us to expect that we might find an effect of the hormone upon Ca influx. Our failure to find a significant increase in influx at concentrations of 1.8 and 0.45 mM Ca, at which the inotropic effects are very marked, was a surprise. The fact that at 0.09 mM Ca a highly significant increase in influx is observed indicates, however, that Ca-flux rates are somehow altered by glucagon. Since in the absence of glucagon the heart is in mechanical arrest at 0.09 mM Ca, and since it is known that Ca uptake is augmented in the beating, as opposed to the quiescent, heart, the interpretation of these findings cannot be simple.
There is a 400% increase in contractile tension produced by glucagon at 0.45 mM Ca. The mean Ca-influx rates were found to be increased by a statistically not significant 6%. The absence of any change in Ca influx at 1.8 mM Ca, at which concentration glucagon produces a large increase in contractile force, also leads one to doubt that a major action of glucagon is an effect upon cellular uptake of Ca. It is possible, however, that glucagon may influence intracellular movement of Ca. In fact, the known dependence of tension production on the intracellular concentration of Ca2+ leads us to suggest that glucagon may act through such a mechanism. The statistically significant increase in Ca influx at 0.09 mM Ca might very plausibly be related to such an action at the cell membrane or in the tubule system.
We have also performed washout studies with hearts previously loaded with XCa, and found no effect of glucagon on the efflux curves for Ca. Computer analysis of the curves showed no differences in the rate constants for efflux from the four compartments that we assumed to exist in the perfused myocardium. These studies were performed at 1.8 mM Ca, on four control and four glucagon-treated hearts.
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